Poor survival and differentiation of grafted dopamine neurons limits the application of clinical transplantation in Parkinson's disease. The survival of grafted dopamine neurons is only improved by a factor of 2-3 by adding neuroprotectants during tissue preparation. We used dye exclusion cell viability and electron microscopy to investigate the effects of the caspase inhibitor ac-YVAD-cmk and the lazaroid tirilazad mesylate on ultrastructural changes in dissociated embryonic mesencephalic cells. In addition, we examined whether the neuroprotectants selectively counteracted specific signs of neurodegeneration. Cell viability decreased significantly over time in both control and treated cell suspensions, but the number of viable cells remaining was significantly higher in tirilazad mesylate-treated cell suspensions. In control samples, the proportion of cells with an ultrastructure consistent with healthy cells decreased from 70%, immediately after dissociation, to 30% after 8 h of incubation. Similar changes were also observed in cell suspensions treated with neuroprotectants. Thus, the neuroprotectants examined did not block the development of specific morphological signs of neurodegeneration. However, when also taking into account that dead cells lysed and disappeared from each cell suspension with time, we found that the total number of remaining viable cells with healthy nuclear chromatin or intact membrane integrity was significantly higher in the tirilazad mesylate-treated group. The results indicate that tirilazad mesylate protects only a small subpopulation of embryonic mesencephalic cells from degeneration induced by mechanical trauma during tissue dissection and dissociation.
INTRODUCTION
to implantation) [for review see (5)]. Typically, the survival of grafted dopamine neurons is improved by a fac-Dissociated embryonic ventral mesencephalic (VM) tor of 2-3 (8,13,14,16, 17, 19, 24, 26, 28, 29) . tissue has been used as donor tissue for over two de-Tirilazad mesylate, which belongs to the lazaroid cades when performing neural transplantation in animal family, is a potent inhibitor of oxygen radical-induced models of Parkinson's disease (PD) (1) and more reperoxidation (4), and can improve the survival of grafted cently also in clinical grafting trials (6, 20) . Recent studdopamine neurons (2,13,18). It is highly lipophilic, disies indicate that only around 1-20% of the grafted dopatributes preferentially to the lipid bilayer of cell memmine neurons survive in animals and patients (5, 11) .
branes, and is believed to exert antioxidant action by Cell death in embryonic rat mesencephalic tissue is initiradical scavenging and directly decreasing membrane ated immediately after embryo retrieval, or in conjuncphospholipid fluidity (i.e., membrane stabilization) [for tion with tissue dissection (9). Around 30% of the neureview see (11)]. Apoptotic cell death has previously rons die already during donor tissue preparation (10, been suggested to play an important role in cell death in 17, 26) and around 90% of grafted dopamine neurons are transplants of ventral mesencephalic tissue (23, (26) (27) (28) . dead already within 1 week after implantation [for re-Moreover, it has been reported that there is a marked view see (5)]. increase in caspase-3 activity in cell suspensions of em-Several attempts to improve the survival of grafted bryonic nigral tissue (9, 26) , and caspase inhibition has dopaminergic neurons have focused on treating the dobeen found to improve the survival of grafted dopamine nor tissue immediately after tissue dissection (i.e., prior neurons (13, 14, 27) . Combined treatment with a caspase inhibitor ac-YVAD-cmk and tirilazad mesylate additively using a hemocytometer and trypan blue dye exclusion. The total number of viable cells/VM was calculated improves the survival of transplanted rat and human embryonic dopamine neurons (13).
from the percentage of cell viability, cell concentration, and number of VMs used to generate each suspension. In the present study, we monitored the effects of ac-YVAD-cmk and tirilazad mesylate on ultrastructural changes in dissociated embryonic mesencephalic cells Tissue Preparation for Evaluation and whether the neuroprotectants selectively counter-With Transmission Electron Microscope acted specific signs of neurodegeneration.
The cell suspension aliquots were centrifuged at 4°C at 110 × g for 5 min and fixed with 1.5% paraformalde-MATERIALS AND METHODS hyde and 0.5% glutaraldehyde for 2 h at room tempera-Experimental procedures were approved by the Ethiture. The fixed cell suspension pellet was thereafter cal Committee for Animal Research at Lund University, rinsed with phosphate buffer followed by dehydration and animals were handled according to the animal proand fixation with 1% osmium tetraoxide (Agar Link tection act of the Swedish government.
Nordiska, Stockholm, Sweden) for 1 h. The samples were further embedded in Agar 100 (Agar Link Nor-Preparation of Cell Suspension diska), and ultrathin sections were cut at 50 nm Pregnant Sprague-Dawley rats were purchased from (Reichert Supernova microtome) and picked up on pio-B&K Universal (Sollentuna, Sweden). Ventral mesenloform-coated, 150-mesh hexagonal copper grids. The cephalon was dissected out from 14-day-old embryos samples were stained with 4% uranyl acetate at 40°C for (crown-rump length 12 mm) using a procedure de-20 min and 1% lead citrate at room temperature for 2 scribed previously (7). Briefly, the pregnant rats were min. Thereafter, sections were ready for analysis and deeply anesthetized with sodium pentobarbitone (200 photographed in a transmission electron microscope mg/kg of body weight, IP) and the uterus removed by (Philips CM10, Eindhoven, Netherlands). cesarean section. The embryos were dissected under sterile condition in calcium-and magnesium-free Hank's Evaluation of Ultrastructural Changes balanced salt solution (HBSS; GIBCO, Life Technologies, Täby, Sweden) at room temperature. On each ex-Ultrathin sections made through the cell suspensions were analyzed and photographed in a transmission elec-perimental day, three different cell suspensions were prepared: a control suspension in HBSS; a tirilazad mes-tron microscope (TEM). Evaluations were made on four photographs per sample (×2200 magnification), taken in ylate (3 µM Tirilazad, Freedox, Pharmacia Corp, Belgium) treated cell suspension; and a cell suspension randomly chosen fields from two different grids per sample. Photographs were scanned into digital images treated with ac-YVAD-cmk (500 µM, Calbiochem, La Jolla, CA, USA). Neuroprotectants were added during and stored in Adobe Photoshop 5.5 format. The identities of samples were blinded for the observer during the tissue dissection and were present until fixation of the cell suspensions. For each experiment (n = 3, i.e., dis-evaluation. Using the NIH image program (NIH image 1.62, NIH, USA), the size of each cell was assessed by section, dissociation, storage, and fixation were performed on a total of three separate occasions), 10-12 delineating the outer membrane. Approximately 100-150 cells with visible nuclei were evaluated per suspen-dissected VM pieces were pooled during a 30-40-minlong dissection session and thereafter incubated with sion on blind-coded images and divided into one of three categories according to the appearance of the nuclear 0.1% trypsin/0.05% DNase (Worthington Biochemicals Corp., Lakewood, NJ and Sigma, Sweden, respectively) chromatin and the presence of cytosolic vacuoles ( Fig.  1A -D). Category 1 contained apparently healthy cells in HBSS at 37°C for 20 min. The tissue pieces were rinsed four times in 0.05% DNase in HBSS and were with little or no chromatin condensation. Some of these cells also contained a few cytosolic vacuoles. Cells with mechanically dissociated by repeated trituration using a fire-polished glass pipette. Each cell suspension was re-partly condensed chromatin, and typically concomitant cytoplasmic vacuoles, were placed in category 2. In suspended and divided into three equal aliquots per treatment. Aliquots from each treatment were fixed im-these cells, the nucleoli were not clearly detected and chromatin was partially, but never densely, aggregated. mediately after dissociation (0 h). The remaining cell suspensions were incubated at room temperature for 2 h Finally, cells with a few large, electron-dense nuclear aggregates, suggestive of advanced stages of degenera-(2 h representing the typical maximum delay between tissue dissociation and intracerebral implantation in rat tion, were placed in category 3. The number of cells placed in each category was used to evaluate changes of experiments) or an additional 6 h (8 h) at 37°C (representing the body temperature of the host). Cell viability ultrastructural morphology over time. However, to simplify the investigation of the neuroprotectants' effect on was evaluated immediately after each incubation time Based on the appearance of the nuclear chromatin pattern, cells were classified into one of three categories (A-D). Cells categorized as "noncondensed" were apparently healthy cells with little or no chromatin condensation (A), occasionally containing cytosolic vacuoles (B). Cells with partly condensed chromatin and often exhibiting concomitant cytoplasmic vacuolation (C) were placed in the category named "partially condensed." Finally, cells with a few large, electron-dense nuclear aggregates, suggestive of advanced stages of degeneration, were placed in the "totally condensed" category (D). Based on the appearance of the outer cell membrane, each cell was also assigned into one of three categories, regardless of the morphology of the nucleus and cytoplasm (E-G). Cells with an intact outer membrane were classified as belonging to the "intact" category (E), and cells with partially disrupted outer membranes were placed in the "partial" category (F). "Total" was reserved for cells with severe to total outer membrane disruption (G). the cells, we choose to evaluate differences in the num-decreased significantly in all three experimental groups [two-factor ANOVA, effect of time, F(2, 27) = 676.07, ber of cells with intact chromatin. Each cell was also assigned into one of three categories based on the app < 0.001]. There was a significant difference in the rate of decline of viability over time [treatment × time inter-pearance of the outer cell membrane, regardless of the morphology of the nucleus and cytoplasm ( Fig. 1E-G) .
action, F(4, 27) = 3.22, p < 0.03], reflecting a faster decline of viability in the control cell suspension compared Cells with an intact outer membrane were classified as "intact," cells with partially disrupted outer membranes with suspensions treated with tirilazad mesylate. The total number of viable cells (cell concentration multiplied were placed in a category called "partial," while the category "total" was reserved for cells with severe outer by percentage cell viability) decreased significantly to 50-70% of initial values [two-factor ANOVA, effect of membrane disruption. Similar to the evaluation of changes in chromatin condensation, we focused on the number time, F(2, 27) = 23.42, p < 0.001] (Fig. 2) . The total number of harvested viable cells was significantly of cells with intact membrane to visualize the effects of tirilazad mesylate and ac-YVAD-cmk.
higher in the tirilazad-treated suspension than in control over the whole storage period [one-factor ANOVA, ef-RESULTS fect of treatment, F(2, 27) = 18.40, p < 0.0001].
Viability Stains and Total Number of Cells
Ultrastructural Morphology Immediately after mechanical dissociation and 2 h later, cell viability evaluated with trypan blue exclusion In all three experimental groups (i.e., both control and neuroprotectant-treated cell suspensions), ultrastruc-test was over 98% in all three experimental groups. However, following storage at 37°C for 6 h, the viability tural signs of degeneration were observed in the major- number of viable cells with intact chromatin decreased from 3.2 × 10 5 cells/VM immediately after dissociation ity of cells remaining after mechanical tissue dissociation. Cells displaying early signs of apoptosis, with to 0.7 × 10 5 cells/VM 8 h later (Fig. 4) . Cells with partially or totally condensed chromatin were considered as partly condensed chromatin and intact outer membranes, and cells undergoing necrosis, with disrupted outer damaged cells and therefore placed into a common group. Comparisons between control and treated cell membranes, were observed at all time points (Fig. 3) . When taking into account the cell numbers calculated suspensions were made regarding the number of intact cells. In the tirilazad mesylate-treated cell suspensions, from the trypan blue-stained control aliquots, the total is only around 10% and that many of the cells die already before the grafting procedure (5, 9) . Several different neuroprotectants have previously been found to improve the survival of grafted dopamine neurons by a factor of 2-3 (5,7,12,15,16,18,25,27,28), indicating that, despite treatment, 70-80% of the grafted dopamine neurons still die. Little is known about how these neuroprotectants affect the embryonic donor cells at the ultrastructural level. For example, do they counteract specific signs of degeneration in a small subpopulation of cells in the cell suspensions, or do they improve the vitality of all cells in the donor tissue in a more general fashion? In the present study, we therefore evaluated the effects of the neuroprotectants tirilazad mesylate and ac-YVADcmk on ultrastructural changes in embryonic ventral mesencephalic rat cells.
Both lazaroids and caspase inhibitors can effectively protect grafted dopamine neurons (2,13,14,17,24,26), death induced by the initial mechanical trauma during dissection and dissociation, consistent with its proposed ability to stabilize membranes [for review see (12)]. However, we did not obtain any direct evidence for imthe mean total number of cells with a normal and intact proved cell membrane integrity at the ultrastructural chromatin was generally higher [two-factor ANOVA, level. This is in agreement with a recent study where we effect of treatment, F(2, 27) = 12.38, p < 0.001], refound that tirilazad mesylate treatment of cell suspenflected by a higher number of viable cells with an intact sions does not decrease the leakage of lactate dehydrochromatin at all time points starting immediately after genase from damaged and dead cells (18). Caspases are tissue dissociation (0 h) and still evident 8 h after dissoactivated during dissection and preparation of VM tissue ciation (1.4 × 10 5 cells/VM) [one-factor ANOVA, effect for grafting (9,26) and apoptotic cell death probably of treatment, F(2, 27) = 9.42, p < 0.001, Scheffé's post plays a role in cell death in mesencephalic transplants hoc test p < 0.01] (Fig. 4) . Each cell was also catego- (13, 14, 22, 25, 27) . However, we found no support for the rized according to the morphology of the outer memhypothesis that the numbers of cells with apoptotic morbrane. The cell was classified as damaged if the cellular phology would decrease in caspase inhibitor-treated cell outer membrane was disrupted either partially or totally.
suspensions. This suggests that caspase inhibition was To simplify the comparisons, we chose to focus on the incomplete, initiated too late, or that the apoptotic casnumber of cells with intact outer membrane to visualize cade can follow other pathways (21) . Not all laboratories the effects of neuroprotectant treatment. The number of have found a protective effect of caspase inhibitors in cells with intact membrane integrity was significantly embryonic nigral grafts (15), and it appears that lazarohigher in tirilazad mesylate-treated cell suspensions ids are a more robust class of neuroprotectants in this compared with control (one-factor ANOVA, Scheffé's particular paradigm. It is likely that small variations in post hoc test p = 0.0008) (Fig. 5 ). There was no effect the tissue preparation steps play a role in determining of ac-YVAD-cmk on these parameters. The size of cells whether caspase inhibition is effective. For example, in was also evaluated in the different treated groups. There the current experiment, for practical reasons we added a was a progressive reduction in mean cell size observed centrifugation step shortly before tissue fixation that was in all three groups over time, but there was no signifinot used in earlier studies when ac-YVAD-cmk was cant difference between treatments and control for cell found to improve survival of grafted dopamine neurons size ( p > 0.05, data not shown). (25, 26) . This could possibly have adversely affected the DISCUSSION cells and masked a potential effect of the caspase inhibition. Moreover, it has been reported that death of the Earlier experiments have shown that the survival of transplanted, dissociated embryonic dopamine neurons mesencepahlic cells continues soon after implantation 
